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Abstract While dynamic earthquake triggering has been reported in several continental settings,
oﬀshore observations are rare. Oceanic transform faults share properties with continental geothermal areas
known for dynamic triggering: high geothermal gradients, high seismicity rates, and frequent swarms. We
study dynamic triggering along the East Paciﬁc Rise by analyzing 1 year of seismicity recorded by Ocean
Bottom Seismographs. By comparing the response to teleseismic waves from global earthquakes, we ﬁnd
triggering to be most sensitive to changes in normal stress and to preferentially occur above 0.25 kPa.
The clearest example of triggering occurs on the Quebrada and Gofar faults after the Mw8.0 Wenchuan
earthquake. On Gofar, triggered seismicity occurs between the rupture areas of large earthquakes, within a
zone characterized by aseismic slip, abundant microseismicity, frequent swarms, and low Vp. We infer that
lithological properties inhibiting rupture propagation, such as high porosity and ﬂuid content, also favor
dynamic triggering.
1. Introduction
Dynamic stresses caused by seismic waves from remote earthquakes have been reported to trigger seismic-
ity in several regions. With few exceptions [Gonzalez-Huizar et al., 2012] observations have been conﬁned to
continental areas [e.g.,Brodsky, 2000;Prejeanetal., 2004;BrodskyandPrejean, 2005; Freed, 2005],with transten-
sional areas being particularly sensitive [Hill, 2015; Johnson and Bürgmann, 2015]. While dynamic triggering
is not restricted to a single tectonic environment [Pankow et al., 2004; Velasco et al., 2008; Gonzalez-Huizar
and Velasco, 2011], vigorous triggered sequences have been recorded in areas with geothermal activity and
volcanism [e.g., Prejean et al., 2004; Aiken and Peng, 2014], suggesting that ﬂuids play a role in the triggering
mechanism.
Triggered earthquakes sometimes occur during the passage of the surface wave, directly due to the stress
perturbation. Other times, an increase in seismicity rate has also been observed with a time delay, up to
hours or days. The physical mechanism behind these events is debated. Within the framework of rate-state
friction, the ﬁnite nucleation time of earthquakes can explain delayed triggering after a stress change
[Dieterich, 1994], but numerical experiments indicate that near-instantaneous triggering is expected from
passing surface waves [Belardinelli, 2003]. Delayed seismicity may be observed if surface waves trigger a
prolonged creep event, which in turns triggers earthquakes [Shelly et al., 2011].
The Quebrada/Discovery/Gofar (QDG) fault system is a set of transform faults in the East Paciﬁc Rise (EPR),
slipping at ∼14 cm/yr. The faults have diﬀerent seismic behavior. Gofar and Discovery present locked seg-
ments that periodically rupture in earthquakes with magnitudes between 5.5 and 6.2 [McGuire, 2008] as
shown in Figure S1 in the supporting information. The spatially averaged seismic coupling on these faults is
between 0.24 and 0.38 [Wolfson-Schwehr, 2015]. The rupture length of these events (∼10 km) is smaller than
the fault length, due to the presence of barriers that inhibit rupture propagation [Roland et al., 2012]. These
barriers are characterizedbyhigh ratesofmicroseismicity, a reductionof 10–20% inPwavevelocities [Froment
et al., 2014], and lower stress drops than nearby segments [Moyer et al., 2016].
In contrast, the Quebrada fault rarely experiences Mw ≥ 5.5 earthquakes, and most slip is accommodated
aseismically: the seismic coupling here is <0.1 (Figure S1 in the supporting information). The presence
of locked segments and rupture barriers of the Gofar and Discovery faults, and the comparison with the
Quebrada fault provide a natural laboratory to study the sensitivity to dynamic triggering on faults with
diﬀerent degree of coupling and frictional behavior.
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Figure 1. Seismicity recorded by Ocean Bottom Seismographs (OBSs) in 2008 (black/grey dots). For the Gofar and Quebrada faults, events from the STA/LTA
catalog are shown: for Discovery, we show events relocated byWolfson-Schwehr et al. [2014] with the hypoDD algorithm. Triangles are OBS locations. The grey
dots in the central and east sections of Quebrada are not used in this study. The inset shows main shocks used as potential sources of dynamic triggering, from
the global CMT catalog, with the date of events discussed in the text. The yellow star is the centroid of the Mw 6.0 earthquake on 18 September. Triangles
indicate seismic stations, and those used for stress estimations are labeled.
2. Data and Methods
During 2008, the QDG fault system was monitored by 40 broadband and short-period Ocean Bottom
Seismographs (OBSs; Figure 1). An array of 30 broadband OBSs allowed the detection of local high fre-
quency events during the arrivals of large amplitude surface waves, ensuring that observed delay times are
not an artifact due to an incomplete catalogue. The resulting data sets are described in section S1 of the
Supplementary Material.
Dynamic triggering is associated with long period (15–30 s) surface waves [e.g., Hill, 2012]. Therefore, we
search for dynamic triggering during and after the arrival of surface waves from events in the Global CMT
catalogue. To account for the geometric spreading of surface waves, we select events with a seismic moment
M0 and a distance r such that the quantityM0∕r exceeds a threshold value (1015 J/km). For the Gofar fault we
exclude the local Mw = 6.0 earthquake on 18 September and its Mw = 5.3 aftershock on the same day, since
they are close enough to impose signiﬁcant static stress changes. The resulting data sets comprise 36 events
for the Gofar fault, 35 for Discovery, and 22 for Quebrada (Figure 1), listed in the supporting information.
Since aftershock sequences would also be detected as seismicity rate increases, we declustered the catalog
using the method of Reasenberg [1985]. Increases in seismicity rates are indicated by high values in the 𝛽
statistics, deﬁned as
𝛽(t, dt) = n(t, dt) − ṅdt
𝜎n
(1)
where n(t, dt) is the number of events in the timewindow [t−dt, t], ṅ is the average rate, and𝜎n is the standard
deviation [Matthews and Reasenberg, 1988]. We do not constrain the duration and onset time of triggered
seismicity, butwe instead calculate 𝛽 values for an array of times and time intervals [MatthewsandReasenberg,
1988]. We look for 𝛽 anomalies within 15 h from the surface wave arrival, with respect to a background rate
estimatedon theprevious 24h.Weverify thatwhenchoosingdiﬀerent timewindows the sameevents present
the highest 𝛽 values, even though their rankingmay change slightly. A common criterion for establishing the
presence of triggered activity is 𝛽 ≥ 2.0. However, since we consider multiple times and durations, we ﬁnd
that this value is too low to be signiﬁcant (it is exceededmore than 70%of the time for random15 h intervals).
We therefore use a threshold of 𝛽 = 4.5 (which occurs about 20% of the time for random intervals).
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Table 1. Global Earthquakes With 𝛽 Anomalies Within 15 h From the Surface Wave Arrivala
Date Mw Distance (km) 𝛽 Time Delay (h) 𝛽 Duration (h) 𝜖
I (Nstrain) 𝜖II (Nstrain2)
Gofar
8 Feb 7.0 7311 2.0 2.0 1.5 6.5
14 Feb 6.9 13636 3.7 1.0 0.1 0.1
20 Mar 7.2 16494 2.0 13.0 1.2 3.5
7 May 6.9 12307 1.7 3.3 0.3 0.5
12 May 8.0 15762 3.0 11.3 8.2 202.2
30 Jun 7.0 9223 10.3 2.3 2.1 11.0
5 Jul 7.8 11139 13.7 1.3 1.6 57.5
30 Oct 6.1 542 7.7 5.7 3.3. 27.5
Discovery
14 Feb 6.9 13447 2.7 1.0 0.1 0.1
20 Mar 7.2 16453 10.0 1.0 1.2 3.3
2 May 6.7 9203 0.0 1.0 1.6 6.7
23 Jul 6.9 12327 6.7 1.0 0.8 1.5
10 Sep 6.9 7417 0.0 1.0 0.4 1.1
18 Sep 6.0 180 1.0 1.7 6.5 70.5
24 Sep 6.9 2398 9.7 1.0 2.8 17.9
16 Nov 6.7 14832 9.0 1.0 0.6 2.1
Quebrada
12 Feb 6.5 2465 10.3 1.7 1.5 1.1
3 Mar 6.9 14516 13.0 2.0 0.3 0.0
12 May 8.0 15888 8.7 (0.0) 5.7 (14.3)b 9.2 43.8
30 Jun 7.0 9145 5.7 1.0 1.7 1.6
5 Jul 7.8 11238 7.7 (5.7) 1.7 (4.3)c 1.3 0.9
18 Sep 6.0 283 4.3 4.3 4.5 10.2
aBackground rates are calculated in the 24 h before the surface wave arrival. Distances are calculated from stations
G03, D02, and Q06. The last two columns are the ﬁrst and second strain tensor invariants.
bThe values in brackets correspond to a secondary maximum in the 𝛽 plot (𝛽 = 4.98).
cAnother secondary maximum in the 𝛽 plot (𝛽 = 5.31).
3. Results
We detect seismicity rate increases with 𝛽 ≥ 4.5 for 6–8 events on each fault (Table 1). 𝛽 values following
each main shock, and estimated peak dynamic stresses, are given in the supporting information. Calculating
𝛽 values by testing a range of times and time intervals allows us to detect time windows with an elevated
seismicity rate,without knowing their duration apriori. For an ideal casewith elevated seismicity rates starting
and ending abruptly, this method precisely identiﬁes the duration of the anomaly. However, the results can
be more ambiguous with real data, resulting in multiple maxima in the 𝛽 plots. These are also reported in
Table 2. In what follows, we summarize the most noteworthy observations for each fault.
3.1. Gofar
The surface wave from theMw8.0 Wenchuan earthquake, which generated a peak Coulomb stress change of
1 kPa,was followedby an increase in seismicity rate (Figure 2). The 𝛽 anomaly starts 3 h after the peak transient
stress and lasts formore than 11 h. Delayed occurrence of 𝛽 anomalies lasting few hours is also observed after
the surface wave from several other earthquakes, including the second largest event (theMw7.8 Kamchatka
earthquake on 5 July), as summarized in Table 1.
We ﬁnd that during 𝛽 anomalies most earthquakes concentrate between latitude −105.9 and −106.0
(Figure 3), a region acting as a barrier to rupture propagation during large (Mw ∼ 6) earthquakes [McGuire
et al., 2012]. We further describe the location of the swarm with respect to the fault’s segmentation in the
discussion section.
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Figure 2. Examples of dynamic triggering on each fault. Top row is 𝛽 plots: maxima of 𝛽 indicate the time and duration of periods with high seismicity rate
(shaded areas in bottom row). The dotted and continuous lines indicate the time of the remote earthquake and the surface wave arrival (peak in the vertical
component of the waveform ﬁltered at 0.01–0.05 Hz).
3.2. Discovery
The Discovery fault responded strongly to the Mw6.0 18 September earthquake on Gofar (Figure 2). A 𝛽
anomaly of 11.03 starts ∼1 h after the peak transient stress and lasts 1.7 h. Unlike 𝛽 anomalies on Gofar and
Quebrada, this swarm is not characterized by a constant seismicity rate over a few hours but by two short
bursts, lasting about 20 and 1min. The Gofar main shock is the smallest in magnitude and closest in distance
among those analyzed. At a distance of 200 km, Discovery is approximately 20 fault lengths away from the
earthquake, and triggering by static stress changes is unlikely.
We ﬁnd several other instances of 𝛽 > 4.5, with values up to 7.5. We note that these bursts tend to be shorter
than those observed on Gofar and Quebrada, typically lasting 1 h (the smallest window length we tested).
The Wenchuan earthquake, despite generating the largest stress changes on the fault (ΔCFS = 0.9 kPa), did
not trigger seismicity.
3.3. Quebrada
Due to the station distribution (Figure 1), the completenessmagnitude for Quebrada varies strongly in space;
and therefore, we only consider seismicity west of longitude −103.45. Since the local catalog only covers up
to 22August, the data set of global earthquakes consists of 21 events.We ﬁnd six instances of 𝛽 > 4.5 (Table 1).
Also in this case, an increase in seismicity rate is observed after theWenchuan surface wave (ΔCFS = 0.6 kPa).
The 𝛽 anomaly starts 8.7 h after the surface wave, but an increase in activity can also be seen at the arrival
of the surface wave from the Wenchuan earthquake, and lasts 14 h (giving a secondary maximum in the 𝛽
plot). Additionally, we check if seismicity was triggered by the surface wave from the Gofar earthquake on 18
September bymanually picking P and Swave arrivals for 48 h starting from 17 September 00:00:00 on station
Q06 (Figure 1). We detect a 𝛽 anomaly starting 4.3 h after the surface wave and lasting 4.3 h (Figure 2). We
calculate local magnitudes and verify that the swarm is not an aftershock sequence.
4. Discussion
We performed a systematic search for dynamic triggering along the Gofar-Discovery-Quebrada fault system
in the East Paciﬁc Rise during 2008. We ﬁnd that the twoMw≥7.5 earthquakes are followed by an increase in
seismicity on the Gofar and theQuebrada faults, and the surfacewave of theMw6.0Gofar earthquake triggers
seismicity on the Discovery and the Quebrada faults.
Other examples of positive 𝛽 anomalies during or shortly after the surface wave arrival are observed, and
visual inspection of the seismograms reveals potentially triggered swarms. However, these observations are
ambiguous due to the large number of similar swarms that are not triggeredby remote seismicwaves.Weﬁnd
that all three faults often experience seismic swarms leading to frequent 𝛽 anomalies, even after decluster-
ing the catalog. In order to test the statistical signiﬁcance of 𝛽 anomalies as indicative of dynamic triggering,
we need to verify how often they occur independently of incoming surface waves. We do so by drawing 500
random times during the year, using the same parameters described above (15 h search window and back-
ground rate calculated on the previous 24 h), from which we estimate the probability of obtaining 𝛽 ≥ 4.5
by chance. Given by the total number of 𝛽 ≥ 4.5 on Gofar in 2008, the probability of ﬁnding an anomaly in
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Figure 3. (top) Map view of seismicity along the Gofar fault, showing foreshocks of the 18 September Mw6.0 earthquake (10–18 September, in red), its
aftershocks (18 September to 10 October, blue), and events triggered by the Wenchuan surface wave on 12 April (yellow). The grey lines are estimated rupture
areas of the 18 September and the 2007 Mw6.0 earthquakes [Wolfson-Schwehr et al., 2014; Boettcher and Jordan, 2004]. The shaded area is the low Vp area
identiﬁed [Roland et al., 2012; Froment et al., 2014], oﬀset from the fault for clarity. (bottom) Normalized spatial distributions of earthquakes along longitude. In
addition to the events shown above, the green curve refers to all the swarms detected in 2008 (𝛽 ≥ 4.5).
a 15 h window is 23%, and the chance of ﬁnding 8 or more anomalies out of 36 time windows is 61%. We
performed the same test on the other faults: on Discovery, which has a similar rate of 𝛽 anomalies as Gofar,
the probability of at least 8 or more anomalies is 73%. On Quebrada, where fewer 𝛽 anomalies are seen dur-
ing the year, the probability of 5 anomalies out of 22 time windows is 36% (we did not include the anomaly
from the Gofar earthquake in this estimation, since it was calculated using a diﬀerent catalog). These results
indicate that some of the 𝛽 anomalies detected after incoming surface waves are probably not caused by
them. The most robust examples of dynamic triggering are those that occur simultaneously on two faults:
since the occurrence of a random 𝛽 anomaly within 15 h on a given fault is about 20%, the occurrence of 𝛽
anomalies on two faults in the same time window is only 4%. There are three common cases of triggering
on both Quebrada and Gofar, two cases between Gofar and Discovery, and one case between Quebrada and
Discovery (Table 1).
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4.1. Factors Determining Occurrence of Dynamic Triggering
We investigated whether dynamic triggering preferentially occurs above a threshold in the transient stress
or strain, by calculating strains imparted by the surface waves from the ﬁltered (0.01–0.05 Hz) waveforms,
at 5 km depth (see supporting information and Hill [2012]). We did not ﬁnd evidence for a threshold or a
correlation between 𝛽 and any of following quantities: ﬁrst and second strain invariants, shear stress and
normal stress resolved on vertical faults with strike = 102∘, Coulomb stress changes (with friction coeﬃcient
𝜇 = 0.2, 0.6), and azimuth. While a clear threshold cannot be inferred from the data, above Δ𝜎 = 0.25 kPa,
𝛽 anomalies appear to be more frequent than on average and more than one standard deviation above the
expected number of anomalies based on random chance. More speciﬁcally, Figure 4 (bottom) shows that the
probability of ﬁnding the observed number of 𝛽 anomalies by chance above a givenΔ𝜎 reaches a minimum
(p = 3%) at Δ𝜎 = 0.25 kPa. We ﬁnd a similar pattern for 𝜖I, while the eﬀect of shear stress seems less strong
(Figure 4). These results suggest that dynamic triggering is most sensitive to volumetric and compressional
stress changes. Other authors reported similar but higher stress thresholds, close to few kPa [e.g., Brodsky and
Prejean, 2005; PengandZhao, 2009;AikenandPeng, 2014]. The discrepancy can be due to the depth correction
implicit in our stress calculations, and also to the fact that we are not deﬁning an absolute threshold above
which triggering always occurs, but a stress value abovewhich seismicity rate increases ismore frequent than
usual.
4.2. Fault Properties Aﬀecting Dynamic Triggering
On Gofar, the location of triggered seismicity in a rupture barrier provides some insight on the factors con-
trolling sensitivity to dynamic triggering. The seismic behavior of this area has been recognized to diﬀer from
the adjacent segments during the foreshock-aftershock sequence of the Mw6.0 2008 earthquake [McGuire
et al., 2012]. A vigorous foreshock sequence took place here, and a drop in seismicity rate followed the main
shock while aftershocks occurred in the adjacent segments. We ﬁnd that most of the 𝛽 anomalies occurring
during the year (found by running the algorithm on the entire catalog) have similar durations and they are
also located in this area (Figure 3). The occurrence of seismic swarms in barriers to rupture propagation due
to along-strike variations in frictional properties has also been documented in subduction settings [Holtkamp
and Brudzinski, 2014].
The low Vp in this segment [Roland et al., 2012; Froment et al., 2014] (Figure 3) indicates a highly damaged fault
zone,with enhancedﬂuid circulation. The resistance to rupture propagationmaybe linked to the hydrological
properties of this segment, including high porosity, the presence of velocity-strengthening hydrous phases,
and a higher sensitivity to dilatancy [McGuire et al., 2012]. Variations in ﬂuid compressibility with eﬀective
stresshavebeen suggested to control the seismicbehavior of this regionduringdiﬀerentphasesof the seismic
cycle [Géli et al., 2014]. The observation of dynamic triggering in areas with high ﬂuid content is in agreement
with previous reports from geothermal and volcanic settings. Dynamic triggering has been linked to high
pore pressures, which enhances the fault sensitivity to small stress perturbations andpromotes instantaneous
triggering [e.g., BrodskyandPrejean, 2005]. In our case, however, the observed time delay between the surface
wave and the onset of seismicity indicates that earthquakes are not triggered directly by stresses imparted by
the wave but by an aseismic process triggered by stress transients. A plausible explanation is that the swarms
are driven by slow slip events [Shelly et al., 2011; Peng et al., 2015], possibly facilitated by the presence of
ﬂuids and the eﬀect of dilatancy [e.g., Segall and Rice, 1995]. These may sometimes take place spontaneously
(as suggested by the concentration of “background” 𝛽 anomalies in the rupture barrier on Gofar) and other
times be triggered by dynamic stresses. Dynamic triggering of creep events is documented in geothermal
areas [Wei et al., 2015], although the estimated stress threshold (0.6 MPa) is orders of magnitude larger than
the stresses recorded here.
Triggering takes place in the Gofar segmentwith the lowest nominal coupling (0.24 [Wolfson-Schwehr, 2015]).
Note that this value is an average for the segment, and lower values are expected in the rupture barrier
where triggering takes place. This area also experiences most of the swarms during the year (Figure 3), which
may also be associated with ﬂuids. The occurrence of triggering on the weakly coupled Quebrada during
the surface wave of the Wenchuan earthquake also suggests that areas with low seismic coupling and high
microseismicity are more prone to dynamic triggering.
The Discovery fault appears less sensitive to dynamic perturbations. In the analysis above, we showed that
Discovery has the highest probability of the observed number of 𝛽 anomalies being due to random chance,
and 𝛽 anomalies here tend to be shorter in duration. A more direct comparison of the three faults can be
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Figure 4. Top: maximum shear stress and normal stress change for all the candidate triggering earthquakes,
on Gofar (triangles), Discovery (circles) and Quebrada West (squares). Large grey symbols indicate possible dynamic
triggering (events that generated 𝛽 anomalies ≥ 4.5). Strains are estimated from ﬁltered (0.01-0.05 Hz) waveforms
(see Supplementary Material). Middle: count of 𝛽 anomalies above each stress threshold (black points), and expected
number of 𝛽 anomalies based on the rate of background 𝛽 anomalies estimated from random time windows. This is the
number of 𝛽 anomalies expected by chance in N random time intervals, where N is the number of points with Δ𝜎 ≥
the stress values on the x axis. The grey area indicates one standard deviation. The count of 𝛽 anomalies excludes the
November 18th event, which falls outside the time period covered by the STA/LTA catalog. Bottom: probability that
the observed number of 𝛽 anomalies would occur by chance. Due to waveform quality, for Quebrada we only use the
vertical component and thus neglect Love wave stresses: therefore, values may be underestimated.
CATTANIA ET AL. DYNAMIC TRIGGERING ON EPR TRANFORM FAULT 708
Geophysical Research Letters 10.1002/2016GL070857
made from their response to the surface wave from the Wenchuan earthquake, which imposed the high-
est stress perturbations on each fault, but only triggered seismicity on Gofar and Quebrada. We noted that
seismicity triggered by this event was located in a low-coupling segment of Gofar, and on Quebrada. In con-
trast to these areas, most of Discovery (west of longitude −104.2) is more strongly coupled (coupling = 0.38
[Wolfson-Schwehr, 2015]). This suggests that the higher coupling on Discovery may be associated with less
susceptibility to triggering.
However, Discovery reacted to the nearby Mw6.0 Gofar earthquake (Figure 2). This 𝛽 anomaly lasted longer
than theother anomalies onDiscovery. This swarm is locatedon the edgeof the eastern segment,with a lower
coupling (0.26). The exact position in relation to past earthquake ruptures is not clear: seismicity is located on
the eastern edge of the inferred rupture area of the 2012Mw5.9 earthquake [Wolfson-Schwehr et al., 2014], but
due to uncertainties in the rupture length and centroid location, it is diﬃcult to say whether they are within
the locked zone or in the barrier.
5. Conclusions
We document possible instances of dynamic triggering on a set of transform faults on the East Paciﬁc Rise.
The Mw8.0 Wenchuan earthquake, which imparted the largest stresses on the faults, triggered earthquakes
on Quebrada and on a barrier segment of Gofar, areas characterized by low seismic coupling. On Gofar, we
ﬁnd that the barrier segment frequently experiences swarms during the year. In both cases seismicity was
triggered with a delay of few hours, indicating the occurrence of an aseismic process such as creep or ﬂuid
migration. A clear example of dynamic triggering on the Discovery fault occurs after the surface wave from
theMw6.0 Gofar earthquake. This and other potentially triggered swarms are shorter in duration on this fault
than on the other two.
Due to presence of swarms in the area, care must be taken in interpreting other 𝛽 anomalies. To this end, we
calculate the rateofbackground swarmsandestimated theprobability of detecting themduring the timewin-
dows inwhichwe search for dynamic triggering.Weﬁnd that 𝛽 anomalies aremore frequent thanbackground
swarms when the peak tensile normal stress calculated at 5 km depth exceeds a value of about 0.25 kPa.
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